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Introduction
There is increasing interest in the biochem istry o f metals and other trace elements in biosystem s [1] and in the high-resolution structures of biom olecules containing such elements. B iological x-ray absorption spectroscopy (BioXAS) brings its own unique contributions to the list of experim ental methods used by structural biologists and, w hile it m ay be used as a 'stand-alone' technique, it is best used in com bination with or as a com plem ent to other spectroscopic of structural methods. For example, interactions of chaperone proteins with their physiological partners are often studied by NM R with a role for XAS in identifying metal environm ents [2] , such as in the Fe receptor pyoverdin [3] . Similarly, a com bination of XAS and isotherm al calorim etry was used to exam ine m etal and anion binding affinities of the N ikR receptor [4] .
BioXAS (see Figure 1 ) has developed as an ideal synchrotron based technique to obtain accurate and precise atomic ( 'small m olecule') resolution inform ation on the chem ical environm ents and oxidation states of trace elements in biological systems.
Combined methods

Identification o f m etal redox states in crystals.
Correct assignm ent of the oxidation states of metals is critical to our understanding of m etalloprotein structure-function.
The ability to distinguish between one-electron changes of metal atom oxidation states is a fundam ental property of XAS and BioXAS is an im portant tool for identifying metal oxidation states in m etalloprotein crystals during crystallographic experiments. In recent years single crystal m icrospectrophotom etry has also been used on synchrotron x-ray beam lines [5, 6] [24, 25] . Recent applications combining XAS with computational chemistry have included studying the unusually high redox potential of copper in rusticyanin [26] , the geometric and electronic properties of the red copper site in nitrocyanin [27] and the properties of an Fe-Fe hydrogenase active site in four protonation states involved with hydride binding [28] . Polarised single crystal XANES and time dependent DFT were used to examine the origins of electronic transitions of high valent Mn relevant to the catalytic cycle of PSII [29] . XAS has also been used with MD to identify high affinity Mn2+ binding sites on the extracellular region of bacteriorhodopsin near the retinal pocket [30] . Sulphur K-edge XAS was used with DFT to probe ligand-metal bond covalency and the electronic structure and reactivity of metal-sulphur sites in proteins [31] [32] [33] . In these types of studies, XAS provides the accurate metrical data that can be used to both gauge the success of the theoretical treatments and to develop combined XAS-MM/QM refinement methods (Fig. 3 ) [38] , it was possible to 2 3 discriminate between halogens bound to sp -and sp -hybridized carbons, due to shortening of the carbon-halogen bond with increasing s-character of the bonding orbital.
Iodine XAS of Laminaria has a weak fine structure that, by comparison to the spectrum of NaI in water (Fig. 3, left) , was shown to represent iodide ions with their solvation shell displaced by H-bonding to biomolecules at a comparable distances [39] . On this basis a physiological role was proposed for accumulated iodide as an inorganic oxidant. The advantage of XAS as a non-invasive technique became obvious when these data were compared to that for lyophilized Laminaria treated with H2O2, where a stronger signal arising from covalent bonding to an aromatic residue, presumably a cell wall polyphenol, was observed (Fig. 3C) .
A related spectrum (Fig. 3E ) was observed for the Br EXAFS of the vanadium-containing bromoperoxidase from another brown algae, the 'knotted wrack', which showed that this enzyme halogenates one of its own surface tyrosine residues [40] . While the physiological significance is unclear, assigning the Br bond to a non reactive aromatic ring rules out alternative interpretations involving reactive Br-C or
Metalloids. Arsenic is toxic to humans yet may be processed by other living organisms. The reduction of As(V) to As(III) by the bacterium Geobacter sulfurreducens during formation of biogenic magnetite was shown by Fe-edge x-ray magnetic circular dichroism and Fe-and As-edge EXAFS [41] , to have a role in the Manuscript for Current Opinion on Structural Biology release of As into drinking water reservoirs, such as those in the Bengal delta. A study of As metabolism in the hyper-accumulating fern Pteris vitata using XAS with imaging [42] found that while As is present in the leaf vein as arsenate and in the leaf tissue as arsenite, the As directly surrounding the vein has thiolate coordination.
Using As and Se edge XANES, it was shown that seleno-bis(S-glutathionyl) arsinium ions, [(GS^AsSe]", are formed from added arsenite and selenite in rabbit blood [43] , an important process in arsenic detoxification. XAS of the Mo, Se and As absorption edges was used to study interactions between the Mo centre of the enzyme dimethyl sulfoxide reductase from Rhodobacter sphaeroides and the product analogues, dimethyl selenide and trimethyl arsenide [44] .
Chromium probably enters cells in its highest oxidation state, Cr(VI), and subsequent reduction to Cr(III) is the reason for its toxicity and carcinogenicity.
Cr(III) is thought to be involved in anti-diabetic activity. The proposed mediator for this activity is chromodulin, earlier characterized by EPR and EXAFS [45] . However, in a more recent XAS study on the effect of Cr(VI) on whole cells [46] , chromium was found to be present exclusively as Cr(III) bound to proteins mainly by O donor ligands, while the XAS data ascribed earlier to chromodulin was found to be characteristic of compounds in which Cr-O bonds have been hydrolysed.
Furthermore, chromodulin is not found in whole cells, so it is more likely to be an isolation artefact rather than an intracellular messenger.
The power of XAS as a non-invasive technique may be further exploited by using synchrotron x-ray fluorescence microscopy to quantitatively map elemental distributions at sub-micron resolution in fully hydrated biological samples, including studying metal imbalances involved in neurodegenerative diseases [47] and whole A combination of XRF, XAS and PX was used to unravel the metallation states of Manuscript for Current Opinion on Structural Biology human SOD1 that are relevant to understanding properties of ALS causing mutants [58] .
Conclusions
This review has highlighted the wide range of biological systems that are being tackled using XAS, to study trace elements and metals found in proteins, human diseases, plant biochemistry and toxic waste. The recent impact of BioXAS on structural biology has received much of its impetus from the integration of multiple experimental methods on synchrotron beamlines. This includes spectroscopic as well as x-ray methods, so that existing beamlines are being upgraded to incorporate optical and Raman instruments for on-line applications alongside XAS and PX capabilities.
The future also looks to the use of imaging on microfocus BioXAS beamlines to study large molecules and whole cells. These enhancements to beamlines are bringing a wider community of structural biologists to make a critical examination of metalloprotein crystal structures and trace elements in biomolecules in terms of welldefined oxidation states, metal identification and distribution, and effects of x-ray damage. This combined approach, aided by new technological developments like rapid x-ray detectors, is almost mandatory on the latest generation of synchrotron sources.
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